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We have studied the magnetic excitations in Ca
2−x
Sr
x
RuO
4
, x=0.52 and 0.62, which exhibit an
anomalous high susceptibility and heavy mass Fermi liquid behavior. Our inelastic neutron scatter-
ing experiments reveal strongly enhanced magnetic fluctuations around an incommensurate wave
vector (0.22,0,0) pointing to a magnetic instability. The magnetic fluctuations show no correlation
in c-direction and also along the RuO2-planes the signal is extremely broad, ∆q = 0.45 A˚
−1. These
fluctuations can quantitatively account for the high specific heat coefficient and relate to the high
macroscopic susceptibility. The magnetic scattering is attributed to the γ-band, the active band for
spin triplet superconductivity in Sr
2
RuO
4
.
PACS numbers: 78.70.Nx, 75.40.Gb, 74.70.Pq
The interest in ruthenates initiated by the discovery of
the unconventional superconductivity in Sr2RuO4 [1] has
revealed a rich variety of physical phenomena. Inelastic
neutron scattering (INS) finds dominating incommensu-
rate (almost antiferromagnetic) fluctuations arising from
strong nesting in the one-dimensional bands of dxz- and
dyz-character [2, 3, 4]. However, there is evidence, that
superconductivity in Sr2RuO4 is originating mainly in
the two-dimensional band of dxy-character [5]. This band
exhibits a van-Hove singularity only 50meV above the
Fermi-level [6], which may be related to the tendency of
the perovskite ruthenates towards ferromagnetism.
The substitution of Sr by Ca yields a very complex
Ca2−xSrxRuO4-phase diagram [7, 8]. Due to the smaller
ionic radius of Ca compared to that of Sr, the struc-
ture first exhibits a rotation around the c-axis, 1.5>x>0.5
[9] followed by a tilt distortion for 0.5>x>0.2 [7, 8, 9].
For the highest Ca-concentration, x<0.2, Mott localiza-
tion sets in ending in the antiferromagnetic insulator
Ca2RuO4 [10]. The different structural distortions are
reflected in the magnetic properties which could semi-
quantitatively be explained through LDA band structure
calculations [11].
Particularly interesting behavior is found in the con-
centration range next to localization but still in the
metallic phases [8], 0.5>x>0.2, where partial localization
has been proposed [12]. Ca1.5Sr0.5RuO4 exhibits the
largest macroscopic magnetic susceptibility, χmac, at low
temperature, a factor of 200 higher than the one of pure
Sr2RuO4 [8]. Furthermore, Nakatsuji et al. observed
magnetic hysteresis [13] and an exceptionally large linear
coefficient of the specific heat of 255mJ/mol-RuK2. This
puts Ca1.5Sr0.5RuO4 well in the range of typical heavy
fermion compounds and there is only one other transi-
tion metal oxide known with a comparable specific heat
coefficient [14].
When searching for the so far undetected ferromag-
netic fluctuations, Ca1.5Sr0.5RuO4 seems to be favorable
due to its large magnetic susceptibility. We have studied
this material by INS and find indeed strongly enhanced
magnetic fluctuations around the two-dimensional zone
center, which furthermore may account for the high spe-
cific heat ratio.
Several single crystals were obtained with a floating
zone technique [15]. We have studied two compositions,
x=0.52 and 0.62, with volumes of 140 and 350mm3, re-
spectively. INS experiments were performed on the ther-
mal triple axis spectrometer 1T at the Orphe´e reactor us-
ing double focusing monochromator and analyzer crystals
(pyrolithic graphite (002)). Since the scattered intensity
was rather low and since it turned out that the mag-
netic scattering is little modulated in q-space, we relaxed
the diaphragms defining the scattered beam. INS mea-
sures the imaginary part of the dynamical susceptibility
as function of energy and Q:
d2σ
dΩdω
=
kf
ki
r20
2F 2(Q)
pig2µ2B
χ′′(Q, ~ω)
1− exp(−~ω/kBT )
(1)
where r20 = 0.292barn, g ≃ 2 is the Lande´ factor, ki and
kf are the incident and final neutron wave vectors, and
F (Q) is the magnetic form factor.
Most experiments were done with the
Ca1.38Sr0.62RuO4-crystal due to its larger volume.
Near the q-position qic−af=(0.3,0.3,ql) [16] where
strong incommensurate scattering is observed in pure
Sr2RuO4 [2] we find only weak scattering [17], but
there is strong scattering around Q=(1,0,0), which is
not a zone-center in the three-dimensional space with
the body-centered stacking of the planes. However, due
to the weak inter-layer electronic coupling, magnetism
should have little dependence on the qz-component and
we may consider (1,0,0) as the two-dimensional zone
center. Fig. 1 shows a map of the scattering observed
around (1,0,0) at the energy of 4.1meV. In contrast to
2FIG. 1: Contour plot of the magnetic scattering near Q =
(1, 0, 0) in Ca
1.38
Sr
0.62
RuO
4
at T=12K and at an energy
transfer of 4.1meV ((a) is a simulation and (b) the mea-
sured data). Due to the enhanced background contribution at
lower scattering angles the scans were restricted to Q-values
larger than 1.66 A˚−1. For clarity the background has been
subtracted and the data has been corrected for the magnetic
form factor of Ru+. The schematic representation in (a) as-
sumes four peaks at (1 ± 0.22, 0, 0) and at (1,±0.22, 0) with
Gaussian profiles and the experimentally determined param-
eters, see text.
pure Sr2RuO4, the magnetic fluctuations exhibit a broad
plateau around the position expected for ferromag-
netism. However, they are still not peaking at the zone
center but remain incommensurate with a very broad
maximum at the finite q-value of qic−fm=(0.22,0,0).
We have verified the magnetic nature of the qic−fm-
scattering by similar studies around the (3,0,0) and
(2,1,0) lattice points (near (1,1,0) or (2,0,0) phonon scat-
tering is too strong). At the first positions no similar
signal could be detected in agreement with the expected
decrease of a magnetic signal due to the form-factor.
In contrast any phononic signal should get enhanced at
these larger Q-positions. We know, that around (1,0,0)
or equivalent no phonon scattering can appear at energies
below 8meV [18].
The magnetic scattering in Ca1.38Sr0.62RuO4 is not
well defined in Q-space leading to sizeable overlap of
the four symmetrically equivalent contributions from
(±0.22,0,0) and (0,±0.22,0). The map as, well as all the
scans presented below, can be described by the superpo-
sition of four Gaussians isotropic in q-space :
I(Q, ~ω) = BG+
∑
i=1,...,4
Iie
−
1
2
(
|Q−Qi|
σ
)2 (2)
This description allows to analyze the scattering quan-
titatively, even though it might be more complex. In
(1,h,0) (rel. latt. units)
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FIG. 2: Constant-energy scans performed at different energy
transfers around Q = (1, 0, 0) along the [0, 1, 0] direction at
T=1.5K. The scattering angle dependent background was
subtracted for clarity. The horizontal bars indicate the spec-
trometer resolution. The solid lines are fits to Gaussian func-
tions. The data were acquired with monitor 1E7, which corre-
sponds to a counting time of approximately 7min at 4.1meV.
the related compound Sr3Ru2O7, for example, a multiple
peak structure was observed [19], which we may not rule
out in our case. Figure 2 shows the results of constant
energy scans across G=(1,0,0) passing through the two
maxima at (1,±0.22,0) with fits according to Eq. (2). We
may follow the incommensurate scattering corresponding
to qic−fm up to 8meV, at higher energy the contamina-
tion with phonon scattering is too strong. The position
of the scattering is independent of the energy transfer, as
expected for a Fermi-surface feature in the paramagnetic
phase.
For the energy of 4.1meV at 12K we obtain a q-width
(full width at half maximum) isotropic in the x,y-plane of
0.45 A˚−1, which is more than three times larger than the
width of the incommensurate fluctuations in Sr2RuO4 [2].
Thus, even at this low temperature the fluctuations in
Ca1.38Sr0.62RuO4 exhibit a very short correlation length
of only about 5 A˚, but we may not exclude that the broad-
ening arises from a multiple peak structure. We have
also studied the ql-dependence of this scattering and did
not find any dependency besides the decrease in inten-
sity with increasing ql due to the magnetic Ru
+ form
factor. The magnetic fluctuations around qic−fm are
thus not correlated in the c-direction similar to the in-
commensurate scattering in Sr2RuO4 [3]. We find only a
weak increase in the in-plane peak width for decreasing
energies at 1.6K, but at higher temperatures, there is
significant additional energy dependent broadening. As-
tonishingly, the low energy fluctuations get broadened
approximatively when kBT exceeds their energy [17].
The left part of Fig. 3 gives the energy dependence of
the qic−fm-scattering at 1.6K which may be described
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FIG. 3: (a) : χ′′(qic−fm, ω) as function of energy for differ-
ent temperatures. The solid lines represent fits with a single
relaxor, Eq. (3). The data was converted to absolute units
by comparing with data reported for Sr
2
RuO
4
[2]. (b) Tem-
perature dependence of χ′′(qic−fm, ω). Temperature depen-
dence of the characteristic energy (c) and amplitude (d) of
the scattering at q
ic−fm
; in d) we also show the temperature
dependence of χ
mac
, see [8].
with a single relaxor fit :
χ′′(qic−fm, ω) = χ
′(qic−fm, 0)
Γω
Γ2 + ω2
(3)
relating the imaginary part χ′′(qic−fm, ω) of the gen-
eralized dynamical susceptibility with the correspond-
ing real part χ′(qic−fm, 0) at ω = 0. For the charac-
teristic damping energy we find Γ = 2.5 ± 0.2meV at
T=1.6 K, which is much less than the value of 7.5meV
reported for the incommensurate spin fluctuations in
Sr2RuO4 [4]. We conclude that Ca1.38Sr0.62RuO4 is close
to a magnetic instability, in spite of the rather broad
Q-width of the peaks. For the amplitude we obtain
χ′(qic−fm, 0) = 454µ
2
BeV
−1, which is much higher than
that of the incommensurate scattering in Sr2RuO4, which
is indicated in the simulated map in Fig. 1. Upon heat-
ing the amplitude of the spectrum at qic−fm decreases
and the characteristic energy shifts to higher values, see
Fig. 3 b)-d). All these observations support the inter-
pretation that Ca1.38Sr0.62RuO4 approaches a magnetic
instability at low temperature.
In Fig. 4 we compare the scattering near qic−fm for
pure Sr2RuO4, Ca1.38Sr0.62RuO4 and Ca1.48Sr0.52RuO4.
The quasi-ferromagnetic signal is absent in the pure com-
pound but is even stronger in Ca1.48Sr0.52RuO4, follow-
ing the behavior of χmac[8].
The strength of the scattering observed here implies
its relevance for the anomalous physical properties re-
ported for compositions around Ca1.5Sr0.5RuO4. The
high macroscopic susceptibility relates to the scattering
(1,h,0) (rel. latt. units)
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FIG. 4: (a) Comparison of the inelastic signal around Q =
(1, 0, 0) in Ca
2−x
Sr
x
RuO
4
for x=2.0 ( ), 0.62 ( ), and 0.52
( ) at an energy transfer of 4.1meV (x=2.0 and 0.62) and
2.1meV (x=0.52). Data was normalized with a reference
phonon scan and background scattering has been subtracted.
The data for the pure compound (x=2.0) was taken from
Ref. [4]. Inset : sketch of the calculated Fermi surfaces of the
γ sheet, indicating the influence of the downward shift of the
dxy band due to the rotation of the octahedra.
around qic−fm, since, its strong broadening implies a sig-
nificant overlap to the ferromagnetic position q=(000).
However the temperature dependence of χmac and
χ′′(qic−fm, ω) or χ
′(qic−fm, ω = 0) are only qualitatively
similar, see Fig. 3. χmac exhibits a steeper increase
at low temperature where it exceeds χ′′(qic−fm, ω) by
more than a factor five. We conclude that the anoma-
lously high macroscopic susceptibility evolves from the
little correlated magnetic fluctuations observed here, but
the details of the crossover require further studies at
low temperature and energy. Ca1.5Sr0.5RuO4 further
exhibits an extremely high linear coefficient in the spe-
cific heat, but it differs from typical heavy fermion com-
pounds by the strong temperature dependence of both
specific heat coefficient and magnetic susceptibility, and
by the large Wilson ratio of about 40 in the ruthenate
[13]. There are similarities with the only other known
transition metal compound with comparable C/T-ratio,
LiV2O4, where a magnetic instability and anomalous
low temperature properties were reported [14, 20]. The
strongly enhanced fluctuations in Ca1.38Sr0.62RuO4 can
quantitatively account for the specific heat ratio. Fol-
lowing reference [21], one may relate the specific heat
coefficient with the inverse of the characteristic energy
averaged over the Brillouin-zone: γ =
pik2
B
~
〈 1Γ(Q) 〉BZ .
For Ca1.38Sr0.62RuO4, the resulting specific heat coef-
ficient is large due to the low characteristic energy of
2.5meV and due to the broad q-range of the fluctua-
tions. Taking Γ to be constant within a cylinder of radius
0.225 A˚−1 and neglecting any other contribution we ob-
tain γ=250mJ/mol-RuK2 in agreement with the direct
measurement. The heavy mass behavior seems thus to
arise from the over-dampedmagnetic excitations. It is in-
4teresting to perform the same analysis for Sr2RuO4: the
incommensurate scattering can account only for about a
quarter of the observed γ-coefficient suggesting an addi-
tional source of excitations as it has also been deduced
from the comparison with NMR results [2, 4]. It is tempt-
ing to assume that parts of the magnetic fluctuations
dominating in Ca1.38Sr0.62RuO4, still play a role for the
superconductivity of Sr2RuO4where the γ-band is con-
sidered to drive the unconventional superconductivity [5].
At temperatures below 1K a ferromagnetic ordering
has been reported [13], but the ordered moment per Ru
appears to be rather small, of the order of 0.01µB, in
view of the sizeable magnetic fluctuations seen in our ex-
periment. It is unclear whether the weak ferromagnetic
order reflects the main magnetic contribution, or whether
it arises from some disorder. We have searched for
magnetic ordering in Ca1.48Sr0.52RuO4 down to 0.3K.
There is no magnetic ordering corresponding to qic−fm,
qic−af or to antiferromagnetismwith an ordered moment
higher than 0.03µB.
In the following we want to discuss a possible origin of
the incommensurate scattering around qic−fm. A polar-
ized neutron diffraction study in Ca1.5Sr0.5RuO4 has
found predominant dxy-character suggesting that the
quasi-ferromagnetic instability is associated with the γ-
band [22]. In the right part of Fig. 4 we show the cylin-
drical γ Fermi-surface of pure Sr2RuO4 where the van
Hove singularity lies near M=(0.5 0 0). There has been
considerable controversy whether the van Hove singu-
larity is occupied or not in Sr2RuO4 since the initial
ARPES experiments did not agree with LDA calculations
and de Haas van Alphen measurements. The disagree-
ment was solved when a surface reconstruction has been
found by LEED measurements [23]: in the surface layers,
Sr2RuO4 exhibits the same octahedron rotation around
the c-axis as the bulk in the samples studied here, rota-
tion angle of 8.5° compared to the value of 12° found in
the bulk of Ca1.5Sr0.5RuO4 [9]. The structural surface
reconstruction induces an electronic surface state which
one may relate to a shift of the van-Hove singularity be-
low the Fermi-level [23]. Since the rotation distortion
is even stronger in Ca1.5Sr0.5RuO4 a similar effect may
occur changing the γ-band from electron-like into hole-
like. Hall effect measurements support this interpretation
[24]. Using the tight binding parameters of reference [6]
but with a down shift of the γ-band by 100meV taken
from the LDA calculation in Ref. [11] one obtains the
Fermi-surface presented in the inset of Fig. 4 and indeed
one may find a nesting-like vector near (0.2,0,0) connect-
ing the two ends of hole-like pockets across the M -point.
More detailed calculations are required to confirm such
interpretation; in particular the role of band folding in-
duced by the rotational distortion should be explored. A
Dzyaloshinski-Moriya interaction might also cause a shift
of magnetic fluctuations from the ferromagnetic to an in-
commensurate position; however, a rather strong inter-
action would be needed to explain the observed qic−fm.
In summary we have observed strongly enhanced
magnetic excitations in the heavy mass material
Ca2−xSrxRuO4, x=0.52 and 0.62. In contrast to pure
Sr2RuO4, dominant scattering is found around the
zone-center, indicating a quasi-ferromagnetic instability,
though the wave-vector is still finite, qic−fm=(0.22,0, 0).
A description with four symmetrically equivalent broad
peaks at (±0.22,0,0) and (0,±0.22,0) yields overlap with
strong weight at the zone center corresponding to the
ferromagnetic instability. The enhanced low tempera-
ture magnetic susceptibility in Ca1.5Sr0.5RuO4 is thus
related with this magnetic instability. Quantitatively, the
strongly enhanced fluctuations account for the exception-
ally high specific heat C/T-ratio. These results shed fur-
ther light on the possible role of the γ-band in ferromag-
netism and in the pairing mechanism of Sr2RuO4.
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